3 He and 4 He were observed in photoionization spectra using synchrotron radiation with high monochromator resolution. In 3 He, the resonances were found to be shifted to lower energies with respect to 4 He by ⌬E = 3.06± 0.07 meV, in good agreement with theoretical expectations based on normal and specific mass shifts. From the experimental data, the resonance parameters E r , ⌫, and q of the resonances 2 , −1 3 , 2,1 4 , and 2 , 0 7 were analyzed in detail using a double-convolution fit procedure that considers the different Doppler broadenings of the states in 3 He and 4 He. In this way, the resolution function of the monochromator could be derived, which can be accounted for in a quantitative way on the basis of the properties of undulator radiation and the optical design of the monochromator.
I. INTRODUCTION
Ever since the pioneering work of Madden and Codling four decades ago [1] , the autoionizing 1 P o Rydberg resonances of 4 He have been studied extensively both experimentally [2] [3] [4] [5] [6] [7] [8] and theoretically [9] [10] [11] . The progress in the experimental work proceeded along with the development of synchrotron-radiation facilities and high-resolution, grazingincidence monochromators. State-of-the-art monochromators, with an experimental resolution of less than 1 meV at photon energies of h Х 64 eV, allowed to investigate very narrow resonances, such as, e.g., the 2 , −1 n series in doubly excited helium [3, 4] . These precise measurements provide strong support for a description of the decay dynamics of the autoinoization process in two-electron atoms within a molecular picture [10] .
Isotope shifts are well known to contain contributions from the mass shift (MS) and the volume shift (VS), where the later is caused by a difference in the nuclear charge distributions of the two isotopes under study; for light elements, the VS is negligibly small as compared to the MS. The MS consists of two contributions, the normal mass shift (NMS) and the specific mass shift (SMS). The NMS, which is the well-known Bohr-reduced mass correction, can be evaluated exactly, while the SMS, also called the polarization mass shift, originates from exchange effects and repulsion between the electrons [12] . While 3 He- 4 He isotope shifts have been studied before in the energy region of the 1 1 S → 2 1 P [13] and 2 3 S → 2 3 P [14] optical transitions using advanced laser techniques, the present work reports on a measurement of isotope shifts in the energy region of the doubly excited states of helium.
With substantial improvements in monochromator resolution in recent years to values of ⍀ M ഛ 1 meV [full width at half maximum (FWHM)] at h Х 64 eV [3, 15, 16] , the total experimental widths of narrow resonances have become comparable to the Doppler broadening of resonance lines in light atoms, which amounts to Х0.4 meV (FWHM) at h Х 64 eV for 4 He at 300 K. Therefore, a reliable analysis of narrow resonance lines should take into account both the monochromator resolution and the Doppler broadening by applying a double-convolution fit procedure. In this way, we succeeded in deriving from the experimental spectra the monochromator-resolution function, which differs considerably from a pure Gaussian function that has been widely used in the analysis of spectral profiles. The derived resolution function can be explained on the basis of the properties of undulator radiation and the optical design of the employed extreme ultraviolet (XUV) monochromator. With this improved understanding of monochromator resolution, we discuss some of the points that must be considered when the highest monochromator resolution is aimed for.
In the present work, the doubly excited 1 P o resonances of helium are denoted N , K n according to the simplified classification scheme of Herrick and Sinanoğlu [17] , where N and n stand for the dissociation limit of a channel and the running index of a Rydberg series, respectively. In an independent particle picture, N͑n͒ corresponds to the quantum number of the inner (outer) electron, while K represents the angularcorrelation quantum number [18] .
II. EXPERIMENTAL DETAILS
The experiments were performed at the Berliner Elektronenspeicherring für Synchrotronstrahlung (BESSY II) using the undulator beamline U125/ 1-PGM, which provides ultrahigh resolution at photon energies around 64 eV, with ⍀ M ഛ 1 meV (FWHM). The photoionization spectra were taken with a gas ionization cell that was separated from the UHV of the monochromator by a 1000-Å-thick aluminum window. During the experiments, the gas cell was filled with the gas under study, in the present case with a mixture of 3 He and 4 He at a pressure of Х400 bar. From the observed spectral intensities (see Fig. 2 ), the ratio of partial pressures of 4 He and 3 He in the studied gas mixture was estimated to be *Electronic address: yhjiang@physik.fu-berlin.de Х5 : 4. Due to sizeable isotope shifts in the resonance energies of 3 He and 4 He, the photoionization spectra of both isotopes could be measured simultaneously, which allows one to determine isotope shifts with high accuracy rather independent of the absolute energy calibration. The absolute photon energies given in the present work were calibrated with respect to the energy position of the 2 , −1 3 resonance as given by Domke et al. [4] . Figure 1 presents as overview of the measured spectra, with the resonances 2 , −1 n (n = 3 to 6), 2,1 n (n = 4 to 7), and 2,0 7 in 3 He and 4 He, respectively. Each resonance is split into two peaks due to the isotopic effects, and the corresponding energy splittings are derived as 3.06± 0.07 meV, in good agreement with theoretical considerations as given below. The resonance 2 , −1 6 in 4 He cannot be resolved due to an overlap with the resonance 2 , 1 7 of 3 He. The resonance lines in the spectra of Fig. 1 exhibit pronounced Fano profiles, which originate from an interference between direct photoionization and excitation into an autoionization channel. This results in Fano profiles of the form [19, 20] 
III. EXPERIMENTAL RESULTS AND DATA ANALYSIS
Here, E r is the resonance energy and ⌫ the natural width that is determined by the decay rate of the resonance, representing the discrete-continuum mixing strength. The Fano parameter q represents the ratio of the dipole matrix element of a transition to a discrete state to that of a transition to the continuum, which interacts with the discrete state. a and b represent nonresonant background cross sections for transitions to continuum states that interact, respectively, do not interact with discrete autoionization states ͓20͔. The data were analyzed by least-squares fit employing the program package MINUIT [21] that also supplies data handling as well as a double-convolution procedure for the theory routine. The recorded data s ͑E͒ are then given by
where ͑EЈ͒ is the photoionization spectrum, which is convoluted by the experimentally determined monochromator function f and a Doppler broadening function g. Here, ⍀ M and ⍀ D stand for monochromator resolution and Doppler broadening, respectively. The function g͑EЉ − E͒, which represents the Doppler broadening due to thermal motion of atoms, is a pure Gaussian function. The Doppler half width ͑⍀ D ͒ is given by ͓22͔
with M being the mass of the atom, T the temperature of the gas, c the speed of light, and k B the Boltzmann constant, respectively. For a photon energy of h = 64.135 eV and T = 300 K, as realized in the present experiments, the Doppler broadening ⍀ D amounts to 0.457 meV ͑FWHM͒ for 3 He and 0.396 meV ͑FWHM͒ for 4 He. The total experimental resolution ⍀ T is approximately given by ͑⍀ M 2 + ⍀ D 2 ͒ 1/2 . In the simplest approximation, which is normally assumed in the data analysis, the monochromator resolution function f is simulated by a pure Gaussian function. In the present case, however, this was found to be insufficient in describing the experimental spectra. Deviations of the monochromator resolution function from a pure Gaussian have been reported before for high-resolution XUV monochromators [2, 3] . Here we used two different approaches for simulating the monochromator resolution function. In the first monochromatorresolution model, f͑EЈ − EЉ ; ⍀ M ͒ is described by the sum of two Gaussians ͑G + G͒, in the second model, by a Gaussian plus a Lorentzian function ͑G + L͒:
where G stands for a Gaussian and H for a Gaussian or a Lorentzian function, respectively, ⍀ G and ⍀ H are the widths of the functions G and H, respectively, and ␣ determines the weights of the two distributions contributing to the monochromator resolution function.
In the present work, we employed Eq. (2) for the fit analysis of resonances 2 , −1 3 , 2,1 4 , and 2 , 0 7 in 3 He and 4 He, with the two different models described above. To improve the reliability of the fit results, a parallel double-convolution fit procedure was applied, with three scans of the resonances 2,−1 3 and 2 , 1 4 , and one scan of resonance 2 , 0 7 . A numerical convolution of the 2 , −1 3 resonance spectra is very time-consuming due to the small value of ⌫. Very recently, Lambourne et al. [18] have succeeded in measuring the natural width of the 2 , −1 3 resonance directly by following the fluorescence decay of the 2 , −1 3 resonance, with the result of ⌫ = 3.5± 0.6 eV; this experimental result agrees very well with the theoretical value of ⌫ th = 3.18 eV previously obtained by Liu et al. taking radiative and nonradiative decay processes into account [11] . In order to avoid numerical difficulties in the data analysis caused by the small natural width, we set ⌫ =20 eV for the fit analysis of this resonance. This approach was justified by simulations where a Fano resonance with a given value of q and different values of ⌫͑1,3,10,30,100 eV͒ was convoluted with a Gaussian function of 1 meV width. The simulated spectra were found to be practically identical, in particular for values of ⌫ ഛ 30 eV; the results of two simulations for q = 3, and with ⌫ =1 eV and ⌫ = 100 eV, respectively, are shown in the inset of Fig. 2(a) . Figure 2 presents the best fit results for the resonances 2,−1 3 , 2,1 4 , and 2 , 0 7 of 3 He and 4 He, using the described double-convolution fit procedure (monochromator resolution and Doppler broadening). The displayed fit results were obtained with the monochromator resolution function given by the ͑G + L͒ model, where the Gaussian function describes pre-dominantly the central peak, while the Lorentzian simulates the tails of the monochromator resolution function. Note that the lines of the resonances in 3 He seem to be broader than those in 4 He; this is actually not due to the increased Doppler broadening of the 3 He resonances, as one might expect, but is essentially caused by the superposition of two Fano resonances. A detailed comparison of the subspectra reveals only minor differences in the total widths. The obtained monochromator resolution function is displayed in Fig. 3 , together with the one obtained by the ͑G + G͒ model.
IV. RESULTS AND DISCUSSION

A. Fit results and resonance parameters
The obtained fit parameters derived from the two models (G + G and G + L) are summarized in Table I , which shows that the results depend only weakly on the specific fit model. For the resonance 2 , 1 4 , the results for q, ⌫, E r agree well with theoretical predictions. For the resonance 2, 0 7 , the obtained values for q and ⌫ do not agree within the error bars with the theoretical results. In this case, saturation effects due to a relatively high pressure of Х400 bar in the gasionization cell cannot be excluded, and would actually explain the observed differences. The q value for the resonance 2,−1 3 is slightly smaller than the theoretical value of −23.39, a difference that might originate from the fixed value assumed for ⌫ in the fit or from the influence of the radiative decay, which contributes substantially to the decay of this resonance [11] . These contributions were not taken into account in the calculations. The experimental energy positions E r of all three resonances agree within the error bars with the theoretical values.
In addition to the simultaneous fits, all spectra were fitted individually using the monochromator resolution function obtained from the parallel fits. The error bars given in Table  I were derived from the scattering of the fit parameters using the different fit approaches. The best fits were obtained by simulating the monochromator resolution function by a Gaussian line shape plus a Lorentzian line shape (resulting in a reduced chi squared, r 2 = 1.58). The fits with two Gaussians for the monochromator resolution function were found to be slightly worse ͑ r 2 = 1.75͒.
B. Isotope shifts
As can be seen from the obtained resonance energies, all resonances exhibit an isotope shift, i.e., the resonances in 3 He are shifted by 3.06± 0.07 meV to lower energies as compared to 4 He. This observation is in good agreement with theoretical expectations, when contributions from both the NMS and the SMS are considered.
The isotope shifts ⌬E of the doubly excited resonances 2,−1 3 , 2,1 4 , 2,0 7 caused by the NMS can be calculated using the well-known relation [24] 
͑5͒
with m e and m p being the electron and the proton mass, respectively. M 3 ͑M 4 ͒ describes the mass of the nucleus in 3 He ͑ 4 He͒ in units of the proton mass and E r,ϱ is the resonance energy in a hypothetical helium atom with infinite nuclear mass. Using the relation E r,ϱ ͓1−͑m e / m p ͒M 4 ͔ = E r,4 between E r,ϱ and the resonance energies of 4 He, E r,4 , which can be derived from the experiment, we obtain ⌬E = 2.905, 2.908, and 2.952 meV for the resonances 2,−1 3 , 2,1 4 , and 2 , 0 7 , respectively.
The shift in the energy of a resonance in 3 He and 4 He, caused by the specific mass shift (SMS), includes generally two contributions, one from the ground state and another one from the excited state. The SMS between the ground states of 3 He and 4 He results in a splitting of 198 eV based on the calculations of Drake [25] . For the doubly excited states of helium, no theoretical results are available. However, Lindroth [26] has calculated the energy shift due to mass polarization for doubly excited states in the isoelectronic ion He − below the N = 2 ionization threshold resulting in value of Х35 eV. By assuming a similar situation for helium, we estimate the splitting between 3 He and 4 He caused by the SMS to be Х10 eV. This means that the contributions of the SMS between the doubly excited states of 3 He and 4 He are negligible in the present context. The VS is caused by the monopole term of the Coulomb interaction between the electronic charge distribution in the atom and the protonic charge distribution within the nucleus. In good approximation, it is proportional to the difference of total electron densities at the nucleus between the two atomic levels involved ⌬ ͉ ͑0͉͒
2 , times the difference of the meansquared nuclear charge radii of the two isotopes involved ⌬͗r 2 ͘ [27] . As a consequence, the major contribution to the VS in the studied double-excitation resonances will originate from the ground state of helium, since the electron density at the nucleus in the double-excitation state N , K n is expected to be about an order of magnitude smaller than that in the ground state. An exact value of the VS between 3 He and 4 He due to electric monopole interaction in the ground state ⌬E g V is not available in the literature. Hence, we estimated ⌬E g V by using the following equation from Ref. [27] :
where ͉ ͑0͉͒ 2 is the electronic charge density at the nucleus in the ground state of helium, with a 0 and Z representing the Bohr radius and the nuclear charge, respectively. C is the isotope-shift constant that depends on the mean-squared nuclear charge radius ͗r 2 ͘ and ⌬͗r 2 ͘ ͓27͔. On the basis of Eq. ͑6͒ and Ref. ͓28͔ ͓see Eq. ͑23͒ in this reference͔, we estimate ⌬E g V to be of the order of a few 10 neV. To test the reliability of the described approximation, we also estimated the VS for the 1s2s͑ 3 S͒ → 1s2p͑ 3 P͒ excitation in helium to be ⌬E V Х 5 neV, in good agreement with more detailed calculations that resulted in 3.49 neV ͓14͔. In addition, Drake ͓29͔ evaluated the level shift in the ground state of 4 He caused by the finite protonic charge distribution in the nucleus to be ␦E g V = 124 neV. Based on this value and the nuclear charge radii of 3 He and 4 He given by Shiner et al. [30] , we estimate ⌬E g V Х 45 neV, in good agreement with the above estimate based on Eq. (6). Since the nuclear charge radius of 3 He is larger than that of 4 He [r͑ 3 He͒ = 1.9506 fm, r͑ 4 He͒ = 1.673 fm [30] ] the VS of the resonances between 3 He and 4 He have the same sign as the MS. Here, we took into account that the level shift due to electric monopole interaction in the doubly excited states of the helium atom TABLE I. Resonance energies E r , natural widths ⌫, and Fano parameters q, obtained from double-convolution fits using two different models for the monochromator-resolution function G + G and G + L, respectively. For comparison, recent theoretical results from the literature are also given. The numbers in parentheses represent the error bars in units of the last digit. are much smaller that those in the ground state.
This leads to total isotope shifts of ⌬E = 3.103, 3.106, and 3.150 meV for the resonances 2 , −1 3 , 2,1 4 , and 2 , 0 7 , respectively. These numbers are in good agreement with the present experimental value of 3.06± 0.07 meV, reflecting the fact that the NMS as well as the SMS of the ground-state energies of He are fully sufficient for understanding the experimental results. The largest effect is due to the NMS that contributes Х96% to the total isotope shift. All additional contributions, such as the SMS in the excited states or the VS, give only minor contributions; specifically, the contribution of the VS is negligible within the present experimental accuracy.
C. Monochromator resolution function
In Fig. 3 , the derived monochromator resolution functions f͑E ‫ء‬ , ⍀ M ͒ obtained from the two different models, are shown (G + G: dashed curve; G + L: solid curve). The shapes of the two resolution functions derived from the experimental data display only minor differences. Both consist of a narrow peak and broad shoulders at lower and higher energies, which clearly underline our finding that a single Gaussian is not always sufficient for describing the monochromator resolution function of a high-resolution monochromator beamline. We were also able to reproduce the shape of the monochromator resolution functions by ray-tracing calculations using the program package RAY [31] and taking the properties of undulator radiation and the detailed optical design of the plane-grating monochromator into account; the results of these simulations are also presented in Fig. 3 in the form of the dash-dotted curve. It turned out that the resolution function of the U125/ 1-PGM monochromator is dominated by the F 120 -aberration term of the focusing mirror (astigmatic coma [32] ), while slope errors of its surface play only a minor role. Aberrations were calculated by integrating the optical path variation over the optical surface, weighed by the intensity distribution. Whenever aberrations are found to be the dominant factor, the energy resolution can be controlled by variation of the intensity distribution on the surface. A straightforward way of controlling the footprint pattern on the focusing mirror M 3 makes use of the angular properties of the undulator radiation.
By optimizing the photon flux at a given photon energy, the undulator gap is set to a specific value, where the angleintegrated photon flux is maximum. The photon energy is then redshifted with respect to the energy of the on-axis undulator harmonic. When the undulator is operated under these conditions, the angular intensity distribution of the undulator is no longer Gaussian shaped, but displays a flat top or even a doughnut shape. Figure 4 displays the monochromatic intensity distributions on focusing mirror M 3 of this beamline as a function of position z for two undulator settings with the undulator parameter K = 2.19 and K = 2.18, respectively. For the definition of the undulator parameter, see, e.g., Ref. [32] .
The mentioned aberration term can be understood within a simplified picture. Since the focal properties of the cylindrical focusing mirror M 3 are independent of the meridional coordinate, beams reflected on various parts of the mirror are focused at a fixed distance measured from the intercept point. Beams intercepting the focusing mirror in its center are focused onto the exit slit position, while others are focused before or behind the slit. In this way, the central beam gives rise to the sharp central maximum, whereas the defocused beams contribute to the broad base. The most significant effects of slope errors lead to a broadening of the sharp central peak.
If the monochromator is tuned to an even more redshifted photon energy, the angular distribution of the undulator results in a double-peaked illumination pattern at the focusing mirror. In this case, two pronounced beams (one left and one right) propagate downstream the beamline and form two foci close to the calculated exit-slit position. This can be understood on the basis of the specific optical design of beamline U125/ 1-PGM at BESSY II [33] , shown in Fig. 5 . The toroidal mirror M 1 and the plane mirror M 2 create an elliptical image of the circle on the position of the plane grating. Mirror M 1 also creates collimated light so that the c f f value [c f f = cos ␤ / cos ␣, with ␣͑␤͒ being the angle between the incoming (reflected) light and the surface normal of the grating] can be varied in order to obtain high flux or high resolution. During the measurements, a high c f f value was used ͑c f f =12͒ in order to achieve high resolution. As a consequence, the angle ␣ between the surface normal of the grating and the incoming light was close to 90°, i.e., the grating was overfilled. The illumination pattern of the grating consists of two stripes perpendicular to the grooves of the grating, which means that these two rays illuminate different parts of the cylindrical focusing mirror M 3 . Since this mirror focuses vertically on the exit slit, with a focal length of 10 m from the position where the light hits the mirror, the two different light rays impinging on the mirror will be focused vertically on two different positions on the axis of light propagation. During the experiments, the monochromator resolution was optimized by minimizing the total linewidth of the resonance 2 , −1 3 . In this procedure, the position of the exit slit was varied and finally fixed at one of the two focal positions. The light focused on this position creates the narrow central part of the experimental resolution function, while the light focused either in front or behind this position causes the broad base.
In order to obtain a high spectral resolution without a broad base, one can use the blueshifted part of the undulator peak. In this case the light originates from the central part of the electron beam axis so that the entire light can be focused onto the exit slit. This, however, can only be achieved for the price of a weaker photon flux, since the intensity drops quite fast on the blue side of an harmonic undulator peak.
V. SUMMARY AND CONCLUSIONS
In the present work, the 3 He- 4 He isotope shifts of the doubly excited resonance states 2 − 1 n (n = 3 to 6), 2,1 n (n = 4 to 7), and 2 , 0 7 were determined by measuring photoionization spectra with high spectral resolution using synchrotron radiation. The experimentally derived isotope shift of 3.06± 0.07 meV was found to be in good agreement with theoretical estimates that vary from 3.103 to 3.150 meV for the different resonances studied, based on the NMS and the SMS; the VS was estimated to be negligibly small with respect to the present experimental accuracy. With a reliable double-convolution fit procedure that includes Doppler broadening, the resonance energies and Fano profiles of some of the resonances were analyzed, and good agreement between the derived parameters and the theoretical results was found. The resolution function of the monochromator was derived and compared with the results of ray-tracing calculations, taking into account the properties of undulator radiation as well as the specific design of the plane-grating monochromator beamline.
